We investigate the effects of messenger-matter mixing on the lightest CP-even Higgs boson mass m h in gauge-mediated supersymmetry breaking models. It is shown that with such mixings m h can be raised to about 125 GeV, even when the superparticles have sub-TeV masses, and when the gravitino has a cosmologically preferred sub-keV mass. In minimal gauge mediation without messenger-matter mixing, realizing m h ∼ 125 GeV would require multi-TeV SUSY spectrum. The increase in m h due to messenger-matter mixing is maximal in the case of messengers belonging to 10 + 10 of SU (5) unification, while it is still significant when they belong to 5+5 of SU (5). Our results are compatible with gauge coupling unification, perturbativity, and the unification of messenger Yukawa couplings. We embed these models into a grand unification framework with a U (1) flavor symmetry that addresses the fermion mass hierarchy and generates naturally large neutrino mixing angles. While SUSY mediated flavor changing processes are sufficiently suppressed in such an embedding, small new contributions to K 0 −K 0 mixing can resolve the apparent discrepancy in the CP asymmetry parameters sin 2β and ǫ K .
Introduction
advantage that it would break "messenger number" that would have led to a stable messenger particle, which is not an ideal candidate for dark matter. While SUSY flavor violation arising from messenger-matter mixing is not excessive, the proposed scenario predicts small but observable flavor effects. When the models presented are embedded in a unified SU(5) framework with a flavor U(1) symmetry, it is found that the CP asymmetry parameter ǫ K in the K meson system is slightly modified, which can explain the apparent discrepancy in the extracted value of sin 2β in the B meson system. We also find that the rare decay µ → eγ should be accessible to the next generation experiments. This paper is organized as follows. In Sec. 2 we summarize the salient features of minimal gauge mediation. In Sec. 3 we discuss the upper limit on the lightest Higgs boson mass in GMSB models including messenger-matter mixing. Two models are studied, a 5 + 5 messenger model, and a 10 + 10 messenger model. In this section we also discuss the sparticle spectroscopy, allowing for messenger-matter mixing, and obtain limits on tan β with the boundary condition B = 0 at the messenger scale. In Sec. 4 we discuss flavor violation arising from messenger-matter mixing in the two models. Here we embed these models in a grand unification framework based on SU(5) along with a flavor U(1) symmetry that addresses the quark and lepton mass and mixing hierarchies. Sec. 5 has our conclusions. The relevant renormalization group equations (RGE) for the two models are given in Appendix A, and the GMSB boundary conditions for the mass parameters are derived in the Appendix B. Preliminary results of this work were presented at PHENO 2011 [14] .
Essential features of minimal gauge mediation
GMSB models are well motivated, since SUSY solves the hierarchy problem, and gauge mediation of SUSY breaking solves the SUSY flavor problem. These models also predict correctly the unification of the three gauge couplings, leading to an eventual embedding in a grand unified theory (GUT) such as SU (5) . Gravity mediation of SUSY breaking (SUGRA) also shares these features, except that generically it would lead to excessive flavor changing processes mediated by the SUSY particles. Consistency of SUGRA models with experiments would typically require two assumptions [15] : (i) the soft masses of sparticles in any given sector are universal, and (ii) the trilinear A-terms are proportional to the corresponding Yukawa couplings. Such assumptions are not necessary in GMSB models, rather they are automatic consequences. GMSB models assume that SUSY is dynamically broken in a secluded sector, and that this breaking is communicated to the MSSM sector via the SM gauge interactions by a set of messenger fields which are charged under the SM. Owing to the universality of the gauge interactions the soft SUSY breaking mass parameters would be flavor universal, and the induced A-terms would be proportional to the Yukawa couplings.
Minimal gauge mediation assumes that a gauge singlet superfield Z develops nonzero vacuum expectation values (VEVs) along its scalar component Z as well as along its auxiliary component F Z . This field couples to a set of messenger fields Φ i and Φ i which transform vectorially under the SM gauge symmetry:
F Z = 0 would split the masses of the scalars in Φ i from the corresponding fermions. This breaking of SUSY is communicated to the SM sector via loops involving the SM gauge bosons. The gaugino masses and the scalar masses for the MSSM fields at the messenger scale are
given by
Here Λ ≡ F Z / Z and n a (i) is the Dynkin index of the messenger pair Φ i with n a (i) = 1 for N + N of SU(N). C a is the quadratic Casimir invariant of the relevant MSSM scalar with and g(x i ) can be found, for e.g., in Ref. [16] , and are nearly equal to one for small values of
| with x i < 1 necessary for color and charge conservation. In addition, GMSB models impose the following boundary conditions at the messenger scale on the MSSM trilinear and bilinear soft SUSY breaking parameters:
The second of these relations, B = 0, is sometimes ignored anticipating some mechanism that explains the magnitude of the µ parameter [17, 18] . For example, in Ref. [18] , a flavor symmetry is assumed in the singlet (Z) sector, so that Bµ ≪ µ 2 or Bµ ∼ µ 2 can be realized at the messenger scale (M mess ), depending on the assignment of flavor charges. In our analysis we shall allow for B = 0 as well as B = 0 at M mess . A few features are worth emphasizing on Eqs. (2) and (3). Sparticles of a given quantum number are all degenerate in mass, which is crucial in solving the SUSY flavor problem. The induced trilinear couplings would be proportional to the respective Yukawa couplings owing to the vanishing of the A terms, also crucial for solving the SUSY flavor problem. The minimal GMSB models also have only a small number of effective parameters.
The gravitino is the lightest supersymmetric particles in minimal GMSB. Its mass is given
where M Pl is the reduced Planck mass, and k is a typical Yukawa coupling of the type λ given in Eq. (1). The cosmological requirement that the gravitinos do not overclose the universe requires m 3/2 < keV [19] , which in turn requires
GeV. In GMSB with a single set of messenger fields, M mess = λ Z , so that this constraint would require M mess = λ F Z /Λ to obey M mess ≤ λ 2 (10 8 GeV), where k = λ and Λ = 3 · 10 4
GeV, its lowest allowed value, are used. Perturbativity would require λ < 1, so that cosmology prefers M mess < 10 8 GeV. Since there are ways around the gravitino overclosure problem, such as by late decays of particles, or other ways of entropy dumping, the cosmological limit is not absolute. In our analysis we find fully consistent solutions when this limit is satisfied. We also allow M mess to be greater than 10 8 GeV, as large as 10 14 GeV. Any larger value would lead to m 3/2 > 1 GeV, and thus generate supergravity contributions to the scalar masses that can bring back the SUSY flavor problem. The messenger fields, which are taken to be vector-like under the SM gauge symmetry, are usually assumed to form complete multiplets of a grand unified group. This is motivated by the observed meeting of the three gauge couplings at a scale near 2 · 10 16 GeV when extrapolated with the MSSM spectrum. Complete multiplets of a GUT symmetry group such as SU (5) would preserve this successful unification (modulo small two-loop effects). Messenger fields belonging to 5 + 5 of SU(5) or 10 + 10 of SU(5) are then the simplest choices. One could introduce multiple copies of these fields, or one could introduce both of them simultaneously. We shall consider only two minimal choices in this paper, viz., having either one pair of 5 + 5 or one pair of 10 + 10 messenger fields. Messenger fields belonging to 5 + 5 of SU(5) or 10 + 10 of SU(5) can mix with the MSSM superfileds. If such mixings are written down arbitrarily, that would reintroduce SUSY flavor problem. However, in the context of an underlying flavor symmetry that addresses the mass and mixing hierarchy of quarks and leptons, it is not unreasonable to imagine that significant mixing of the messenger fields occurs only with the third family fermions. This is the situation we investigate in the next sections. Complete separation of messenger fields from
Here we have assumed that the messenger fields couple only with the third family MSSM fields. This will be justified based on a flavor symmetry discussed in Sec. 4, where the lighter family couplings to the messenger fields are suppressed by powers of a small parameter ǫ. . We shall assume that this condition is met in this paper. For M mess > 10 7 GeV, this condition is automatically satisfied. New contributions to the scalar masses and the A-terms arise at the two-loop and one-loop level respectively, proportional to the mixed messenger-matter Yukawa couplings. These contributions can be obtained from the general expressions given in Ref. [22, 23] . The Yukawa couplings λ 
New contributions to the A-terms generated by messenger-matter mixing at the messenger scale are given by
where
, and α
.
Here we have followed the definition L soft ⊃ λ abc A abcΦaΦbΦc for the trilinear soft terms, corresponding to the supetpotential W ⊃ λ abc Φ a Φ b Φ c . Since λ Since all the soft terms at the messenger scale are determined by the three parameters λ ′ 0 , Λ and M mess (with f 0 = 0.25 fixed for RGE evolution), the lightest Higgs mass is also determined by these three parameters. As we discussed previously, the maximal mixing conditionÃ t = √ 6M s (or X t = 6) gives the largest value of the lightest Higgs boson mass.
It is not possible to realize this maximal mixing condition in GMSB without messengermatter mixing because A t vanishes at the scale M mess and the induced value at low energy scale through RGEs is not sufficient. On the other hand, allowing mixed messenger-matter couplings generates A t as shown in Eq. (13) . This leads to an enhancement of the Higgs mass. Choosing the parameters to lie in the range 4 × 10
GeV < M mess < 10 14 GeV and 0 < λ ′ 0 < 2, we report the numerical values for the lightest Higgs boson mass m h in Table 1 for different choices of these parameters. In this Table, we have excluded values of λ Table 1 . While the increase in m h is significant in this model with messenger-matter mixing, here maximal stop mixing is not realized, primarily due to the positivity conditions onm As before, we assume that the messenger fields only couple with the third generation of MSSM fields, and that they have the same R-parity as the MSSM quarks and leptons. In this case the following superpotential couplings can be written.
Although the couplings 
. An interesting feature of the 10 + 10 model is that unlike the 5 + 5 model, here along with A t , them 2 t c also receives new contributions which can be positive. As a result, sufficiently large A t can be generated without turningm 2 t c negative, and the maximal mixing condition X t = 6 can be realized, leading to an increased upper limit on m h , as large as (125 − 126) GeV.
In order to find the upper limit on m h and the SUSY mass spectrum, we solve the MSSM RGE numerically from the messenger scale to the low scale with the boundary conditions given in Eqs. (18)- (22) Table 3 we report the same, but now with λ ′ m0 = 1.2 fixed. In both cases m h = 125 GeV can be obtained (once 2 GeV is added to the numbers quoted in these tables), with all SUSY particles below 1.5 TeV. For example, in the case of λ ′ m0 = 0 (Table 2) , without messenger-matter mixing, obtaining m h = 119 GeV would require one of the stops to be heavier than 3 TeV, while with such mixings, m h = 125 GeV is realized with both stops below 1.5 TeV.
In Fig. 3, left Table 2 , but now with λ We present three different spectra for the superparticle masses in Table 4 , two corresponding to the 10 + 10 model, and one for the 5 + 5 model of the previous subsection. In this Table, Table 4 , these one-loop contributions are even smaller. The mass values of Table 4 show that light SUSY spectrum is possible in GMSB along with a Higgs boson mass around 125 GeV, if messenger-matter mixing is allowed. We shall use the mass values of Table 4 in deriving flavor violation constraints on the model, which is addressed in the next section.
Flavor violation induced by messenger-matter mixing
The main motivation for gauge mediation of SUSY breaking is that it naturally solves the SUSY flavor problem. This is possible because of the universality in the scalar masses induced by gauge mediation. This universality is however violated by messenger-matter mixing, as seen from Eq. (12) in the 5 + 5 model, and from Eq. (18) in the 10 + 10 model. In this section we show that flavor violation induced by such non-universal contributions to the soft scalar masses can be all within experimental limits, if we embed these models in a framework with a U(1) flavor symmetry. This U(1) symmetry also addresses the hierarchies in the fermion masses and mixings [27] . When embedded in SU(5) unified theory, this framework would lead to a lopsided structure for the down quark and charged lepton mass matrices [28] , which explains naturally why the quark mixing angles are small, while the leptonic mixing angles are large. Such matrices also explain other features of the fermion mass spectrum, such as why the charge 2/3 quark mass ratios exhibit a stronger hierarchy compared to the charge −1/3 quark mass ratios or the charged lepton mass ratios. We shall see that while dangerous flavor violation is suppressed by this flavor symmetry, small amount of flavor violation is present in Table 4 : The SUSY spectrum corresponding to 10+10 model and 5+5 model for three choices of input parameters. All masses are in GeV. The values of tan β in the last two columns are derived from the condition that B = 0 at M mess . 2 GeV should be added to m h quoted here to be consistent with results obtained from SuSpect.
these models, which can have testable consequences. The flavor U(1) symmetry serves another important purpose. It forbids bare masses for the messenger fields, a requirement for successful gauge mediation. GMSB models usually assume these bare masses are zero, here there is a symmetry based explanation for them to vanish.
In our construction, owing to the U(1) flavor symmetry, renormalizable Yukawa couplings are allowed only for the third family fermions. The vacuum expectation value of a SM singlet field S, which breaks this U(1) at a scale slightly below M * , identified as the Planck scale or the string scale, generates masses for the first two families via non-renormalizable operators which are suppressed by powers of a small parameter ǫ ≡ S /M * . The power suppression arises because of the flavor-dependent U(1) charges of the fermions. In such a framework, all fundamental Yukawa couplings can be of order one and still the hierarchy in the fermion masses and mixings can be explained [29] . This U(1) can be naturally identified as the anomalous U(1) symmetry of string theory [30] .
We now turn to the embedding of the the 5 + 5 messenger model and the 10 + 10 messenger model of the previous section into a unified SU(5) framework along with a flavor U(1) symmetry and discuss flavor violation mediated by SUSY particles in these models.
Flavor violation in the 5 + 5 messenger model
Although we do not construct complete SU(5) models, the assignment of U(1) charges for the fields will be compatible with SU (5) (5). It should be understood that from these Higgs fields, the color triplet components have been removed for our discussions which relate to momentum scales below M X . The messenger fields are denoted as 5 m + 5 m , and are assumed to have the same R-parity as quarks and leptons. The flavor U(1) charges of these fields are listed in Table 5 .
The charge assignment for the MSSM fields is the same as the one given in Ref. [31] , but here we extend it to include the messenger fields. The U(1) charges of the MSSM fields, the messenger fields, and the singlets Z and S in the 5 + 5 messenger model in the SU(5) notation. p here is an integer which can take values p = (0, 1, 2) corresponding to (large, medium, small) tan β.
In Table 5 the parameter p is an integer which can take values 0, 1 or 2, corresponding to large, medium or small tan β values. Although the value p = 0 can explain the fermion mass hierarchy, we will see that this choice is disfavored from FCNC constraints, while p = 1, 2 are both acceptable. The field S acquires a VEV just below M * without breaking SUSY, while the field Z acquires a VEV along its scalar component Z ∼ M mess , which is much smaller than S . The field Z also acquires an F -component, which breaks supersymmetry. If the U(1) symmetry is identified as the anomalous U(1) of string theory, even without writing any superpotential, S = 0 can develop by the shift in fields required to set the gravity-induced Fayet-Iliopoulos D-term for the U(1) to zero, so that SUSY remains unbroken [32] . In such schemes, typically one finds ǫ ≡ S /M * ∼ 0.2, which provides a small expansion parameter to explain the fermion mass hierarchy. The charge α in Table 5 is not specified for now, but it should be positive, and if it is an integer, α > p + 1 should be satisfied. These conditions are needed to guarantee that bare masses for the messenger fields are forbidden, and that the 
Here y at M X . In this section we shall allow for the possibility that these couplings are not unified, and define a prameter
so that r = 1 corresponds to SU(5) unification condition, while r = 0 would imply that λ ′ τ c = 0 at M X and below. The latter choice will turn out to be useful to satisfy FCNC constraints. Note that even when r = 0, the increase in m h found in Sec. 3 will hold, since the initial condition for A t is determined by λ ′ b (see Eq. (13)). The first line of Eq. (23) provides an explanation for the hierarchy in the masses and mixings of quarks and leptons. The mass matrices for the up-quarks, down-quarks and charged leptons arising from Eq. (23) have the form: with observations [28, 29] , with the choice ǫ ≃ 0.2. This pattern explains why the up-type quarks exhibit stronger hierarchy compared to the down-type quarks, which have a similar hierarchy structure as the charged leptons. We also see from the (3,3) entries of M u and 
where ω is a mixing angle of order one, and coefficients of order one multiplying ǫ terms are not exhibited. These matrices are of course subject to unitarity constraints. The CKM mixing matrix for the quarks is given by
† , which has small off-diagonal entries as in Eq. (29). 3 On the other hand, the leptonic mixing matrix,
will contain large off-diagonal entries, as in Eq. (28). This is true even when U ν L , the unitary matrix that diagonalizes the light neutrino mass matrix is identity. For ǫ ≃ 0.22, a good fit to all the mixing angles in the quark and the lepton sector is obtained. 4 Note that the lopsided nature of M d and M e of Eqs. (26)- (27) 
this result, since large left-handed lepton mixing is correlated with large right-handed down quark mixing, which however is unobservable in the SM.
To investigate SUSY flavor violation, we introduce mass insertion parameters defined as
wherem 2 d,l is the average of the diagonal entries of the scalar mass-squared matrix for the down quarks and charged leptons and the matrixm 2 LR,RL is related to trilinear A-terms. In Table 7 we list the leading contributions to various FCNC processes in powers of the small parameter ǫ ≃ 0.2. Since the messenger superfields couple with left-handed down quarks and right-handed charged leptons, the flavor violating off-diagonal elements are only induced in the quadratic scalar mass matrices for the left-handed down quarks and right-handed charged leptons. These matrices are given in Appendix B1. The experimental bounds of the mass insertion parameters δ LL , δ RR and δ LR,RL that are presented in the table were obtained by comparing the hadronic and leptonic flavor changing processes to their experimental values [33, 34] . We used the branching-ratio expressions of the decay rates l i → l j γ given in [34] in 3 The Cabibbo angle is formally of order ǫ 2 from Eq. (29), but coefficients of order 2 can bring this value to 0.22 [31] . 4 Small neutrino masses can be incorporated via the seesaw mechanism by introducing right-handed neutrinos ν c i with U (1) charges (1, 0, 0) . This would lead to a mild mass hierarchy in the light neutrino sector, as shown in Ref. [31] . order to find the experimental upper bounds on the leptonic mass insertion parameters that is consistent with the spectra presented in Table 4 . The numerical values of
are given in Table 7 . These values are based on the spectra given in Table 4 . We can see from Table 7 that the 5 + 5 model is safe from flavor violation problems as long as p ≥ 2, especially when r ≪ 1.
Flavour Violation in 10 + 10 Model
The U(1) charge assignments for the messenger, MSSM, S, and Z are given in Table 6 . The superpotential for this model, after field redefinitions, is
In the 10 + 10 model, the flavor violating off-diagonal elements are induced in the scalar matrices of the left-handed down quarks, right-hand down quarks, and left-handed charged leptons. These matrices are evaluated in Appendix B2. Using Eqs. (30) and (31) and the unitary transformation given in Eqs. (28) and (29), the mass insertion parameters for the 10 + 10 model are listed in Table 7 . The stringent constraint comes from the µ → eγ decay as shown in Table 7 . The inequality p ≥ 1, or r ≃ 0 should be satisfied in order to suppress the µ → eγ decay process [35, 36] . From Table 7 , it is clear that all present experimental limits are satisfied. Setting the integer p = 1, we see that the values close to experimental limits are in CP violation in K 0 system, and in µ → eγ decay. The latter is predicted to occur with an increased experimental sensitivity of 10 to 100. Using ǫ = 0.22, we see that new SUSY contributions to ǫ K can be about 30% of the SM value. Such new contributions can resolve the apparent discrepancy between the determinations of sin 2β in B d system and ǫ K [37] .
Mass Insertion (δ) 
Conclusion
In this paper we have investigated the upper limit on the lightest Higgs boson mass m h in gauge mediated supersymmetry breaking models. In minimal GMSB models, with all the SUSY particle masses below 2 TeV, the upper limit on m h is about 118 GeV. The vanishing of the trilinear soft term A t that occurs in minimal GMSB models at the messenger scale sets this restriction on m h , which could otherwise have been as large as 130 GeV. We have shown that the mixing of messenger fields with the MSSM quark and lepton fields can relax this constraint significantly, primarily because A t receives new contributions from the mixed Yukawa couplings at the messenger scale. Mixing of the messenger fields with the MSSM fields would avoid potential problems in cosmology with having a stable messenger particle. We studied two models, one with messengers belonging to 5 + 5 of SU(5) unification, and one where they belong to 10 + 10 of SU(5). In the former case, m h can be as large as about 121 GeV, while in the latter case m h ∼ 125 GeV is realized. These values of m h are realized even for M mess < 10 8 GeV, which is preferred by cosmology, since the gravitino LSP mass would be sub-keV in this case, which avoids gravitino over-closure of the Universe. The mixed messenger-matter Yukawa couplings are restricted by the demand thatm problem even in GMSB models. The increase in m h and the changes in the SUSY spectrum rely primarily on the mixing of the third family with the messenger fields. We have embedded the two models studied here in a unified framework based on SU(5), along with a flavor U(1) symmetry. This U(1) symmetry provides an understanding of the mass and mixing angle hierarchies in the quark and lepton sectors via the Froggatt-Nielsen mechanism [27] . We have shown that the same U(1) symmetry can prevent bare masses for the messenger fields, which is necessary for the consistency of gauge mediation. This U(1) also forbids excessive SUSY flavor violation by suppressing the mixing of the first two families with the messenger fields. There could however be residual but small flavor violation arising from the SUSY exchange diagrams. We find that new contributions to the CP asymmetry parameter ǫ K in the K meson system can be at the (10−30)% level, which can explain the apparent discrepancy between ǫ K and sin 2β extracted from the B meson system. We also find that the branching ratio for the decay µ → eγ is in the interesting range for next generation experiments.
A1. RGE for the gauge and Yukawa couplings in the 5 + 5 messenger model
Here we present the one-loop RGE for the gauge and Yukawa couplings for the 5 + 5 model, with the superpotential given in Eq. (9), valid in the momentum regime M mess ≤ µ ≤ M X . We include the effects of the mixed messenger-matter Yukawa couplings, and ignore the Yukawa couplings of the first two families. 
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The anomalous dimension matrices for the Q and the e c fields below M mess are given by 
with ǫ ≪ 1, p = 0, 1, 2 corresponding to large, medium, and small values of tan β, and all 
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